Abstract-In this brief, we present a novel noninvasive method for spatially resolved thermal measurement of HEMT devices based on microphotoconductance analysis. This approach is used to obtain the temperature distribution in the active regions of a GaAs P-HEMT. Through 1-D and 2-D thermal maps, we are able to measure the temperature inside each single channel, and owing to the improved spatial resolution of the developed technique, it is possible to observe the hottest region of the device which is placed at the drain side of the gate. Moreover, the resolution of the temperature measurements allows to define a local thermal resistance which is not uniform over the device due to the mutual heating between the channels.
I. INTRODUCTION
In transistor devices designed for high-power applications, the temperature of the active region is a very important parameter for the output power performance, since output current can be limited by channel heating effects [1] . Moreover, heating aspects are very important in terms of failure rate which, in devices like HEMTs, is mainly determined by the operating temperature of the channel [2] . Thermal management of high-power devices represents a critical aspect in device design. A detailed knowledge of self-heating effects and an accurate study of the power dissipation are thus needed, as well as the optimization of the geometrical layout and of the substrate mounting technology.
Several measurement techniques of device temperature are commonly used: electrical dc method [3] , IR techniques [4] , liquid crystal techniques [5] , Raman spectroscopy [6] , cathodoluminescence [7] , and photoluminescence spectroscopy [8] . Many of these methods do not allow the exact evaluation of the channel temperature, since some of these techniques (such as [4] and [5] ) are able to measure only the surface temperature of the device, while some other techniques (such as [7] and [8] ) may be affected by carrier diffusion phenomena that tend to smear out the knowledge of temperature distribution. Some others (such as [6] ) are able to achieve an in-plane x−y accuracy slightly higher than our technique; however, this technique is based on the measurement of the optical phonon frequency of the GaN layer, and thus, it provides an averaged temperature information across the transversal growth direction due to the optical response of all the bulk GaN materials to the laser radiation. Recently, we have presented an efficient simple noninvasive method [9] - [11] of evaluating the actual channel temperature of FET devices based on the measurement of the photocurrent spectrum. The advantage of this method consists of the capability of measuring directly the temperature of the HEMT channel, even if this is well below the surface due to the fact that the collection efficiency of the channel is much higher. Thus, the photocurrent spectra are mainly related to the channel conditions. Moreover, carrier diffusion after photoexcitation does not affect the maximum achievable resolution.
In our previous works, we reported the photocurrent thermal measurements of HEMTs by uniform direct illumination [9] - [11] . In this brief, we extend the method to a spatially resolved photoconductance setup, where we focus the light through a single-mode fiber-optic system. The use of a fiber as exciting source allows us to estimate the temperature on an area of the order of fiber mode field diameter (less than 5 µm). The actual achievable resolution depends on the mode field diameter of the fiber we use (typically around 3 µm) and on the distance between the facet of the fiber and the surface of the device.
II. GaAs P-HEMT DEVICES
GaAs power P-HEMT devices have been fabricated by SELEX Sistemi Integrati S.p.A. on GaAs/AlGaAs/InGaAs heterostructures epitaxially grown on semi-insulating GaAs substrates. The manufacturing process involves ohmic contact formation obtained by metal deposition of Au/Ge/Ni and subsequent rapid thermal annealing, active device isolation by ion implantation, gate recess wet etching, Schottky barrier metallization (Ti/Al) for gate contact formation, and surface passivation by plasma enhanced chemical vapour deposition silicon nitride. Finally, the substrate is thinned down to 100 µm, and via holes are realized through the backside to connect all the source pads. Measured devices have 10 × 100 µm total gate periphery, drain-to-source distance of 5 µm, gate pitch of 30 µm, and gate length of 0.6 µm. The devices have been then placed in a 70MIL package and bonded by using silver epoxy. Current-voltage (I-V ) characteristics are shown in Fig. 1 . The main RF parameters at 5 GHz are output power of 29.7 ± 0.1 dBm, linear gain of 14.6 ± 0.4 dB, and power-added efficiency of 56 ± 1% for V DS = 9 V, I DS = 180 mA.
III. SPATIALLY RESOLVED PHOTOCURRENT SETUP
In order to obtain a spatially resolved photocurrent spectrum, we realized the setup shown in Fig. 2 positioning system in order to focus the spot which comes from the fiber on the device-channel region.
The minimum increment along the x-and y-axes of each motor is 50 nm. The position of the light spot is monitored by optical microscopy, which allows also the control of the fiber-channel distance. This fundamental parameter affects the effective spatial resolution, which can be greater or equal to the mode field diameter of the fiber.
The spatially resolved analysis requires a coherent detection via lock-in techniques of the photocurrent induced on the device. A voltage supply is used to bias the device during the power-dissipation measurements. A Peltier plate is used to fix the temperature (T P ) of the device carrier. The whole setup is remotely controlled by computer through the dedicated Labview virtual instrument.
IV. THERMAL MAP OF GaAs P-HEMT Thermal device performance can be evaluated in terms of the static thermal resistance obtained from the channel temperature as a function of the dissipated power.
In order to calculate the channel temperature, a thermal calibration is necessary. The device is biased with low dissipated-power condition (V GS = 0 V, V DS = 0.1 V, I DS = 40 mA). Then, the temperature of the system is varied via Peltier cell. An increase of T P causes the red shift of photocurrent spectra due to the temperature dependence of the band gap.
We define λ TH as the wavelength that corresponds to a particular interpolated value of normalized photocurrent spectrum which represents the edge of absorption spectrum (Fig. 3) . In the following, we will consider as threshold wavelength the one which corresponds to the 70% of the maximum photocurrent. Other criteria can be used to define the adsorption edge, but we checked, and this does not change the final results (thermal maps). Calibration provides the relation between the temperature and the wavelength. In the temperature range considered in this brief (20
• C-100
• C), we found the following calibration expression:
where T CH is the temperature of the channel of the device. The accuracy of the temperature measurement depends mainly on the uncertainty in the intensity of the photocurrent spectrum (the uncertainty in the spectral position is less than 1 Å) and on the slope of the spectrum at the 0.7 threshold. Each value of the photocurrent at any given wavelength is averaged through the use of the lock-in detection, with a root-meansquare error ∆I less than 2% of the maximum intensity detected in the whole photocurrent spectrum. The typical slope is α = 0.075 nm −1 . The resulting uncertainty in the threshold wavelength is ∆λ TH = Fig. 3 . Shift of the absorption edge of the photocurrent spectra of a GaAs P-HEMT occurring when the external temperature changes (V GS = 0 V, V DS = 0.1 V, I DS = 40 mA). 1/α · ∆I = 0.266 nm. This corresponds to a temperature uncertainty of 0.9
• C, according to the aforementioned calibration law. It is possible to make a thermal calibration on a single point of the device, just focusing the spot at the desired position along one of the channels. We checked, however, that the calibration law is independent on the spot position, since it is only related to the intrinsic properties of the semiconductor material.
For each coordinate (x, y), a photocurrent spectrum is acquired. In this way, we get a λ TH for every point, and through the thermal calibration law, we determine the actual channel temperature T CH (x, y). A 1-D scan of the device is performed moving the light spot along the channel direction. Fig. 4 shows the temperature distribution along the channels of the device at two different dc dissipated powers. Fig. 5 represents the details of the 1-D temperature distribution of two channels. These measurements have been performed with T P = 25
• C. For each channel, the photocurrent spectra are collected over a region which results form the spatial convolution between the mode field diameter of the fiber and the real length of the channel. For this This technique allows us to profile the temperature variations between the source and the drain. Fig. 5 clearly shows an asymmetry in the channel temperature, since the channel is hotter toward the gate-drain region. Such behavior is more evident at the higher dissipated power. This asymmetry within the device channel can be explained with the positioning of the hottest spot in correspondence with the higher electric field zone, located at the drain side of the gate junction, as well known from several reported simulations [12] and measured [13] data. Two-dimensional temperature maps can be obtained in a similar way by scanning the surface of the HEMT in both x-and y-axes. At each scanning point, a full photocurrent spectrum is recorded, and local temperature is extracted via the calibration equation. Fig. 6 shows the interpolated data measured with constant steps along x-and ydirections (∆x = 0.5 µm and ∆y = 10 µm). The real time control of the software provides to exclude measurements at regions covered by metallization in order to reduce the measurement time. It can be seen that the temperature is greatest in the center of the channel and toward the drain region. Moreover, the heat distribution along the channel is not perfectly symmetrical. The lower region is hotter than the upper region which is in the proximity of via holes. The layout of the device is shown in Fig. 7 .
V. THERMAL RESISTANCE
In the previous section, we have shown the thermal maps for a given dc bias. However, we can fix the measurement point and record the temperature variation as a function of the dc bias (i.e., the power dissipated in the device). These measurements have been performed for two reference channels (channels 5 and 10) with the light spot focused at the center of the channel. We found, in the bias range considered in this brief, a linear relation between the channel temperature and the dissipated power.
The usual concept of thermal resistance describes macroscopically the process of heating transfer, while the physical parameter that determines how, on a microscopic scale, the temperature distribution is related to the power dissipated in the device is the thermal conducibility. If one is interested to summarize the information of a local temperature distribution among the different channels of the device for a given dissipated power W DS , one can define a local thermal resistance R TH for any given active region of the device (not covered by metallization) according to the following definition:
where (x, y) is any arbitrary position inside the channel, W DS = V DS · I DS is the dc power dissipated within each channel, and ∆T CH = T CH − T P . We observed that the thermal resistance changes from channel to channel. In this case, a central channel (channel 5) has a thermal resistance R TH = 92 • C/W, while a peripherical one (channel 10) presents R TH = 84
• C/W, as shown in Fig. 8 . In this way, we explain the temperature differences shown in Fig. 4 , where the central channels are hotter than the peripherical ones. In this way, temperature disuniformities between the different channels of the device can be more easily ascribed to the effect of the geometrical layout and of the packaging of the device.
VI. CONCLUSION
We have presented a new technique for the spatially resolved measurement of the temperature in HEMT device through the microphotocurrent technique where the light is focused on the channel through a UV-single-mode fiber optic. This technique has been applied to measure the 1-D and 2-D temperature distributions of GaAs P-HEMTs. We have been able to determine the temperature in each single point of the device channels and even to determine the asymmetry of temperature distribution between the source and the drain.
We have measured the thermal resistance in each single point of the device. The thermal resistance is a local property of the channel and depends on the device layout and package.
